Abstract
Introduction
Lewy body disorders (LBD) which include Parkinson's Disease (PD) and Dementia with Lewy bodies (DLB) are characterized by neuronal loss in the substantia nigra (SN) and the presence of neuronal cytoplasmic inclusions composed predominantly of α-synuclein termed Lewy Bodies (LBs) [1] [2] [3] . α-synuclein immunoreactivity, including LB, have been described as features seen in the neuropathology of several lysosomal storage disorders including notably Gaucher disease (GD), but also Sandhoff disease, Tay Sachs disease, and Sanfilippo syndrome [4] [5] [6] [7] [8] . Heterozygosity for mutations in the gene encoding glucocerebrosidase (GBA), which cause Gaucher disease (GD), has been identified as a risk factor for both PD and DLB. We and others have shown that in sporadic and familial PD, GBA mutations are associated with earlyonset PD and may modify age at onset of PD [9, 10] and that in brain autopsies GBA mutation status was significantly associated with the presence of cortical LB (OR = 6.48, 95% CI, 2.45-17.16, p<0.001) and a neuropathological diagnosis of DLB after adjusting for sex, age at death, and presence of APOE-4 [11] . A recent study that assessed the association of specific founder mutations in each of the lysosomal storage disorder genes HEXA, SMPD1 and MCOLN1, in 938 Ashkenazi Jewish (AJ) PD patients and 282 matched AJ controls, reported SMPD1 L302P as a risk factor for PD in the AJ population [12] .
To determine whether variants in other lysosomal storage disease genes, in the same pathway as GBA, are associated with LBs we conducted an independent genetic study of the lysosomal storage disorder genes GBA, HEXA, SMPD1, and MCOLN1 in 231 brain autopsies from the New York Brain Bank at Columbia University. Brain autopsies included neuropathologically defined LBD without AD changes (n = 59), AD without significant LB pathology (n = 71), ADLBV (n = 68), and control brains without LB or AD neuropathology (n = 33). The functional effect of GBA mutations was also determined by performing a biochemical analysis of GBA in a subset of brains.
Materials and Methods

Clinical material
Brain tissue samples were obtained from the New York Brain Bank at Columbia University including cases obtained through the Alzheimer's Disease Research Center and the Center for Parkinson's Disease and Other Movement Disorders. Brain autopsies included neuropathologically defined LBD without AD changes (n = 59), AD without significant LB pathology (n = 71), ADLBV (n = 68), and control brains without LB or AD neuropathology (n = 33). (Table 1 and S1 Table) . LB and Alzheimer plaque and tangle pathology was assessed according to published guidelines as described previously [13] [14] [15] (see S1 Methods for a detailed description of neuropathological evaluation). Clinical information on dementia was available for 208 brain autopsy samples (see S1 Methods). While the primary analysis in this paper is of autopsy proven cases, an additional group of living controls (128 Ashkenazi Jewish (AJ) healthy individuals were used in a secondary analysis to supplement the limited number of brain autopsy controls (see S1 Methods for a description of the controls). Columbia University Institutional Review Board approved the protocols and consent procedures. Written informed consent was obtained from all participants in the study.
Population Stratification and Ashkenazi Jewish Ancestry
Since a founder effect for LSD gene mutations have been reported in the AJ population we also determined AJ ancestry in brain autopsy samples. Information about AJ ancestry was not available for brain autopsies. We used two methods to examine AJ ancestry and underlying population structure in brain autopsies. In the first method, Multidimensional scaling (MDS) as implemented in the program PLINK (Version 1.07) for detecting population outliers and adjusting for population stratification was used. Briefly, we used 288, 963 autosomal SNPs for brain autopsies (n = 62), augmented with 252 AJ samples with subjects from the HapMap website (http:www.hapmap.org/), which included 90 CEU, 90 Yorubans and 90 Asians. The best fitting model assumed two underlying populations with overlap of 27 white brain autopsies with the AJ cluster and the remainder of the white brain autopsies with the white CEU cluster. In the second method, principle component analysis (PCA) as implemented in the GCTA package [16] was used to examine ancestry and admixture in white brain autopsies, AJ samples together with subjects from HapMap. Projection of all the sample genotypes along the two principle components (PC2 and PC3) is shown in S1 Methods. As in the MDS analysis performed in PLINK, there is tight clustering of 27 brain autopsies with AJ sample cluster and the remainder of the white brain autopsies cluster with CEU samples.
Molecular Genetic Analysis
Frozen cerebellar tissue was used to extract DNA. Sequencing of all GBA exons was performed as described previously [9] . Sequencing of all exons of HEXA, SMPD1 and MCOLN1 was also performed. Details of PCR and sequencing primers are available upon request. APOE genotyping was performed by MALDI-TOF mass spectrometry on the Sequenom platform as described previously [11] .
Enzyme Activity Measurements
For enzyme activity measurements, a subset (n = 64) of the total autopsy sample (n = 231) for which frozen brain tissue was available was selected based on neuropathological diagnosis and GBA mutation carrier status (GBA mutation carriers (n = 16), LBD brains without GBA mutations (n = 18) and control brains (n = 30)). Brain autopsy tissue (Cerebellum, BA4 and BA9 and ScxV) samples were homogenized in water (10% wt./vol.) using a Misonix Sonic Dismembrator and centrifuge at 30,000 Xg for 20 min. Protein concentration was determined using the Lowry method. The reaction mixture for β -glucocerebrosidase determination consisted of 50ug of protein, 50ul of 20mM 4-methylumbelliferyl-β-D-glucopyranoside, 10ul of 1M Citrate-Phosphate pH 5.0 and 10ul of 2% Sodium Tauro Deoxycholate. The reaction mixture was 
Lipid Profiling
For lipid profiling, a convenience subset (n = 67) of the total autopsy sample (n = 231) was selected based on neuropathological diagnosis and GBA mutation carrier status that included LBD brains from GBA mutation carriers (n = 13), LBD brains without GBA mutations (n = 33), AD brains (n = 4) and control brains (n = 17). Characteristics of the autopsy subjects are provided in S3 Table. Lipid extracts were prepared using a modified Bligh/Dyer extraction procedure, spiked with appropriate internal standards. The samples were analysed using an Agilent 1260 HPLC system coupled to an Agilent 6490 Triple Quadrupole mass spectrometer. The lipidomic profiles generated for each sample were obtained through a combination of HPLC separation and mass spectrometry in multiple reactions monitoring mode which allows for the unambiguous identification of lipids as described previously [17, 18] . (S1 Methods).
Statistical Analysis
T tests and chi square tests were used to compare continuous and categorical variables respectively. To determine whether a gene, represented by multiple sequenced variants, is associated with affection status or not, we applied the sequence kernal association test (SKAT) algorithm [19] . As above, age and sex were included in one model as covariates, and permutation based p-value was computed. To determine whether multiple variants in the lysosomal disease genes are associated with LB pathology in an additive manner, after correcting for age and sex as covariates, we applied multiple logistic regression. Although this additive model is simplistic, we reasoned that this is one way to gain insight into a set of functional (i.e., nonsynonymous) variants in the common disease pathway. For lipidomics data, Statistical analysis for the AD and LBD mutation samples was based on the one way analysis of variance followed by post hoc Fisher's least significant difference test while the LBD wild type samples was based on Student's T-test. In all cases,
ÃÃÃ , p <0.001.
Results
Demographic and Neuropathological Characteristics of Autopsy Samples
The basic demographic and neuropathologic information of autopsy samples analysed is shown in Table 1 (all autopsies, N = 231) and S1 Table 1) . Many of the variants that we identified have been reported previously as pathogenic mutations in patients with the associated lysosomal storage disorder ( Table 2 ). LSD variants that were significantly associated in brain autopsies with a neuropathological diagnosis of LBD are shown in Table 2 .
Single Gene Wise Association: Multiple variants in GBA, SMPD1 and MCOLN1 are associated with a neuropathological diagnosis of LBD SNP-set (Sequence) Kernal Association Test (SKAT) was used to evaluate association of variants in GBA, HEXA, SMPD1 and MCOLN1 (Table 3) . When evaluating all variants, strongest association was observed for GBA variants in LBD (p = 2.95 x10 -5 ) and ADLBV (p = 3.59 x10 -2 ) ( Table 3 ). Risk variants in GBA, SMPD1 and MCOLN1 were also significantly associated with LBD (p range = 0.03-4.14x10 -5 ) and ADLBV (p range = 0.02-0.01) pathology but not AD (Table 3) . We also evaluated association of protective variants and observed association of variants in SMPD1 in LBD (p = 0.03) and ADLBV (p = 0.02), but not AD, and MCOLN1 variants in LBD (p = 0.02), ADLBV (p = 0.005) but not AD (Table 3) .
The following secondary analyses of the same SKAT models was also performed: 1) SKAT analysis of LSD variants with MAF<5% in all samples (n = 231) (Table 4) , 2) SKAT analysis of LSD variants with MAF<5% in 'white' subjects only (n = 196) ( Table 5 ) and 3) SKAT analysis of LSD variants in all samples (n = 231) using a larger control group which included the brain autopsy controls (n = 33) and the AJ controls (n = 128) (S2 Table) . When we restricted the analysis to variants with MAF<5% (Table 4) , strongest association was observed for GBA variants in LBD (p = 1.37x10 -4 ). Risk variants in GBA, SMPD1 and MCOLN1 remained significantly associated with LBD (p range = 0.04-1.77x10 -4 ) and ADLBV (p range = 0.04-0.02) pathology but not AD (Table 4) . When we restricted the analysis to whites only with variants with MAF<5% (Table 5 ) strongest association was observed for GBA variants in LBD (p = 0.0118). Risk variants in SMPD1 in ADLBV were also significant (p = 0.0274). Although not significant, there was a trend towards significance for MCOLN1 risk variants in LBD (p = 0.189) and ADLBV (p = 0.072). However, the small sample size of the 'white' controls (n = 20) in this stratified analysis may be a confounding factor and the results should be interpreted with caution.
SKAT analysis using the larger control group replicated the findings observed using the brain autopsy controls (n = 33) alone (S2 Table) .
Additive Effect of Multiple Variants in GBA, SMPD1 and MCOLN1
In exploratory analyses logistic regression analysis was also used to determine whether multiple variants in the same disease pathway are associated with disease pathology in an additive manner after adjusting for age and sex as covariates. Strong associations (p range: 0.03-3.8x10 -5 ) were also observed for LBD, ADLBV, and AD cases with multiple variants in GBA+SMPD1 or GBA+SMPD1+MCOLN1 (Table 3) . GCase activity is decreased in LBD GBA mutation carriers compared to LBD non-carriers
To determine whether carrier GBA mutation status was associated with reduced enzymatic activity (haploinsufficiency) we assayed GCase activity in a subset of autopsy samples (n = 64). GCase activity was measured in LBD brains from GBA mutation carriers (n = 16), LBD brains without GBA mutations (n = 18) and control brains (n = 30) (Fig 1) from the following brain regions Cerebellum, BA4 and BA9 and ScxV. The enzyme activity of a second lysosomal hydrolase, α-hexosaminidase was also assayed to demonstrate specificity of decreased activity of GCase. Overall, the mean levels of GCase activity (p<0.001) and the β-glucocerebrosidase: α -hexosaminidase ratio (p<0.001) were significantly lower in GBA mutation carriers compared to non-carriers (Fig 1) . We also observed significant differential enzyme activity of GCase or for the β-glucocerebrosidase:α-hexosaminidase ratio in subjects carrying GBA mutations classified phenotypically (as in Gaucher disease) as 'severe' type (e.g. 84insGG, L444P) (p<0.01) compared to subjects carrying GBA mutations classified phenotypically as 'mild' type (e.g. N370S, R496H) (p<0.05) or of unknown phenotypic effect (E326K, T369M) (p<0.001) compared to controls (Fig 1) . Lastly, we examined the relation between GCase activity in subjects with a clinical diagnosis of dementia compared to cases without dementia. Overall, the mean levels of GCase activity (p = 0.0021) and the β-glucocerebrosidase: α -hexosaminidase ratio (p = 0.0014) were significantly lower in cases with dementia than in controls. The pattern of association between GBA mutation status and the GCase activity was comparable to the combined samples, suggesting that those with dementia and a neuropathological diagnosis of DLB are driving the association. GBA mutation carriers show significant differences in lipid species and accumulation of ceramide and sphingolipids
To determine the functional effect of reduced GCase activity in brains with LBs carrying GBA mutations compared to those without GBA mutations, AD, and control brains we performed a lipidomic analysis in postmortem brain tissue (n = 67) obtained from the primary motor cortex (BA4). The a priori hypothesis was that LBD GBA mutation carriers should show significant differences in 'specific' lipid species (substrate and product of GBA hydrolysis) and accumulation of ceramides and sphingolipids compared to those without GBA mutations, AD, and control brains. Characteristics of autopsy subjects with lipidomic analysis is provided as supporting data (S3 Table) . The cold and frozen PMIs for autopsy tissue used in our analysis is shown in S4 Table. Several lipid classes were significantly altered in brains with LBs carrying GBA mutations compared to controls (P range: p<0.05-p<0.01) (Fig 2 and Fig 3) and this remained significant after using an false discovery rate (FDR) control to correct for multiple comparisons of lipids (q<0.05-q<0.01). Major phospholipid subclasses such as phosphatidylcholine (PC) and phosphatidylethanolamine (PE) were decreased while phosphatidylserine (PS) was increased. There were also striking changes in sphingolipid composition. A small but significant decline in the most abundant sphingolipid sphingomyelin (SM) was seen in the diseased tissue but was compensated by increased levels of select dihydrosphingomyelin (dhSM) species and total ceramide (Cer) levels. While there was a trend towards an increase in accumulation of the known GCase substrate, GluCer, the difference was not statistically significant (Fig 2 and Fig 3) . However, the complex glycosphingolipid that is biosynthetically upstream of GluCer, GM3, is highly enriched in these tissues. In addition, there is also a significant accumulation of galactosylceramide (GalCer) and its biosynthetic derivative sulfatides containing hydroxy fatty acid (Sulf-OH).
In brains with LBs without GBA mutations, similar changes were observed in major phospholipids PC, PE and PS levels but to a lesser degree compared to those with GBA mutations, and in the sphingolipids GalCer, Sulf and Sulf-OH. Interestingly LBD brains with and without GBA mutations displayed an accumulation in lysobisphosphatidic acid LBPA (also known as bis(monoacylglycero)phosphate), a lipid that is specifically enriched in the late endosome and lysosome was observed. LBPA also showed a trend for increase in LBD brains with GBA mutations. To determine the specificity of our assay and also provide a reference point for lipid changes in the LBD tissue, we also analyzed AD brains and found no significant changes. This is in contrast to a previous study [17] , although different brain regions were analyzed (i.e., prefrontal cortex and entorhinal cortex). GCase and HexA activity in autopsy brain tissue. A) GCase activity was significantly reduced in LBD cases carrying GBA mutations (n = 16) compared to LBD non-GBA carriers (n = 18) and controls (n = 30). Differences in activity for HEXA were not significant in any group. B) GCase was significantly reduced in LBD cases with mutations classified as 'severe' type (L444P, 84insGG etc.) compared to controls, and to LBD cases with 'mild' mutations (N370S) or variants of unknown phenotypic effect (E326K, T369M). Differences in activity for HEXA were not significant. * p<0.05, ** p<0.01, *** p<0.001.
doi:10.1371/journal.pone.0125204.g001
Discussion
In the current study we performed a genetic analysis of four lysosomal storage disorder genes including GBA, HEXA, SMPD1, MCOLN1 in 231 brain autopsies from the New York Brain Bank at Columbia University. A biochemical analysis of GBA was also performed in a subset of brains. We show that in addition to prior reported variants in GBA, variants in SMPD1 and MCOLN1 are also significantly associated with LB or ADLBV pathology. Additional gene-wise analyses for variants based on the SKAT algorithm also identified independent association of variants in GBA, SMPD1 and MCOLN1 that were significantly associated with LBD and ADLBV pathologies but not AD. Strong association and an additive effect of multiple variants in GBA+SMPD1 or GBA+SMPD1+MCOLN1 were also observed across all disease phenotypes analysed. The importance of the lysosomal pathway in CNS function and LBD and PD is highlighted by the identification of genetic risk factors or rare variants/mutations in lysosomal genes in case-control association studies (GBA and NAGLU) [7, [9] [10] [11] , GWAS studies (LAMP3, SCARB2) [24, 25] or linkage analysis and exome sequencing in PD families (ATP13A2, VPS35 (endolysosomal pathway) [26, 27] . A large multisite study of brain autopsy samples from subjects with different forms of dementia identified GBA mutations in 7.6% (6/79) of pure DLB cases (OR, 7.6 [95% CI, 1.8-31.9]) compared to 3.6% (8/222) of ADLBV cases (OR, 4.6 [95% CI, 1.2-17.6]) [28] .
In our study, multiple variants predicted to be deleterious or damaging in GBA, SMPD1 and MCOLN1 in autopsy samples were significantly associated with LB and ADLBV pathology. We identified a total of 26 variants in autopsy samples that have been previously reported as mutations in lysosomal storage disorders. These causal mutations in lysosomal storage disorders are usually observed in the homozygous or compound heterozygous state whereas in the autopsy samples that we examined these mutations were observed in the heterozygous state suggesting that haploinsufficiency of lysosomal genes may contribute to LB and ADLBV phenotype. Overall,~15% of all LBD autopsy samples also carried a variant in more than one lysosomal storage disease gene examined suggesting that 'multiple hits' in the same biochemical pathway, the lysosomal pathway, might increase risk for LBD.
Our data also shows that GBA mutation status is associated with significantly reduced GCase activity and a neuropathological diagnosis of LBD suggesting that haploinsufficiency or partial enzyme activity leads to increase in α -synuclein levels and Lewy body pathology. A decrease in GCase activity has been reported previously in brain autopsies from patients with Type I Gaucher Disease and parkinsonism and more recently in brain autopsies from patients with PD that carry GBA mutations [4, 29] . A decrease in GCase activity has also been reported in brain autopsies from patients with sporadic PD without GBA mutations, with the greatest reduction in the substantia nigra [29] and conflicting reports of decreased GCase activity in the frontal cortical regions [29, 30] . In LBD brain autopsy samples from the frontal cortex without GBA mutations we did not observe a decrease in GCase activity and our findings are consistent with one published study [29] . These conflicting reports of a reduction in GCase activity in different brain regions from PD or LBD autopsy samples without GBA mutations may reflect different stages of disease progression, neuronal loss or α -synuclein accumulation. The individual lipid subclasses of each group of patients was expressed as relative to control group levels for 2 separate sets of experiments (i.e. AD and LBD GBA mutation carrier relative to Control S1, LBD non carrier (wildtype) relative to Control S2). Statistical analysis for the AD and LBD Mutation samples was based on the one way analysis of variance followed by post hoc Fisher's least significant difference test while the LBD non carrier (wildtype) samples was based on Student's T-test. A false discovery rate control was used to correct for multiple comparisons. * q<0.05, ** q<0.01, *** q<0.001. PC, phosphatidylcholine; ePC, ether phosphatidylcholine; PE, phosphatidylethanolamine; pPE, plasmalogen phosphatidylethanolamine; PS, phosphatidylserine; PI, phosphatidylinositol; PA, phosphatidic acid; PG, phosphatidylglycerol; LBPA, lysobisphosphatidic acid; Cer, ceramide; SM, sphingomyelin; dhSM, dihydrosphingomyelin; GalCer, galactosylceramide; GluCer, glucosylceramide; Sulf, sulfatide; Sulf-h, hydroxylated sulfatide; GM3, monosialodihexosylganglioside doi:10.1371/journal.pone.0125204.g003
We have previously demonstrated the utility of lipidomics as a means to understand dysregulation of lipid metabolism and generate novel insights linked to AD pathogenesis [17] . Applying similar methodologies to the analysis of the motor cortex region of LBD brains with and without GBA mutations, we observed that there are significant alterations in both major phospholipid and sphingolipid subclasses compared to controls. In the case of LBD carrying GBA mutations, GluCer was not significantly accumulated as one might expect. This may be reconciled by the existence of non-lysosomal glucosylceramidase GBA2 that is significantly expressed in the brain and can compensate for the deficiency in GBA activity [31, 32] . Nevertheless, it is worth noting that in both cases of LBD with and without GBA mutation, there appears to be significant or a trend towards accumulation of other sphingolipid subclasses including Cer, GalCer, Sulf, Sulf-OH and GM3 and the unusual phospholipid LBPA. LBPA is enriched in late endosomes where it functions in biogenesis of multivesicular bodies [33] and also in lysosomes where it plays a role in stimulating the hydrolysis of membrane bound sphingolipids. The overall profile of both LBD with and without GBA mutation cases suggests a common theme of dysfunction occurring in the endolysosomal degradative pathway that ultimately lead to defects in lysosomal clearance of autophagosomes and an accumulation of α -synuclein in LBD.
Recent studies in AD suggest that disease pathogenesis may begin more than 20 years before the onset of dementia [34] . Similarly in LBD, non-motor symptoms may predate motor symptoms by decades suggesting pathophysiological changes before clinical onset [34] [35] [36] [37] . To date, there are no effective biomarkers for LBD. Our study suggests that combined genetic and lipidomic data may prove effective in disease risk prediction, biomarker development (CSF) and targeted therapeutic strategies.
Supporting Information S1 Methods. (DOCX) S1 Table. Gene-wise association SKAT analysis with AJ controls. A) Gene-wise association with SKAT analysis with AJ controls only (n = 128) and B) Gene wise association SKAT analysis with brain controls (n = 33) and AJ controls (n = 128).
Ã Corrected for covariates. ÃÃ Indicates number of markers included in the test. 1 Risk variants are variants more frequent among cases than controls; whereas, variants are considered protective when they are more frequent in controls than cases. (DOCX) 
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